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Introduction
A detailed, physics-based component-level engine model, known as C-MAPSS40k, was developed to match the characteristics of data provided by a flight test of a highly instrumented engine during steadystate and transient maneuvers. These new data included transient engine behavior at specific flight conditions that are of interest in control system design. With these data serving as validation, the C-MAPSS40k open-loop engine model provides realistic responses in flight conditions spread across the flight envelope. A unique feature of C-MAPSS40k is that it models transient stall margin effects such as heat transfer and changes in compressor blade tip clearance in addition to calculating the steady-state stall margin for the low-pressure compressor (LPC) and high-pressure compressor (HPC).
NASA has previously developed generic, nonlinear, dynamic, component-level engine simulations capable of dynamic tests for research purposes, written in the MATLAB/Simulink environment. These include the Modular Aero-Propulsion System Simulation (MAPSS) and the Commercial Modular Aero-Propulsion System Simulation (C-MAPSS) (Refs. 1 and 2). These previous simulations defined much of the framework and requirements of C-MAPSS40k. Significant features present in MAPSS and/or C-MAPSS such as modularity, faster than real-time execution, a graphical user interface (GUI), and the ability to linearize the non-linear engine model were defined as requirements of C-MAPSS40k. New requirements and goals were added including:
• Increasing the robustness of the simulation to handle input and errors gracefully • Improving the ease of operation by allowing the user to utilize either the GUI or the MATLAB command line to run the simulation • Increasing the simulation accuracy by incorporating a more precise steady-state operating point solver • Developing an engine controller representative of those found in industry With these new data and requirements, a new engine system simulation was constructed using the structure of the engine component models from C-MAPSS. The component maps were scaled to match those of a 40,000 lb thrust class engine and the Simulink components were rewritten to match the design requirements. Finally, a new controller was designed and implemented.
The rest of this paper will discuss some of the details of the C-MAPSS40k implementation and the model's capabilities. Section 2.0 will present an overview of the open-loop engine and the baseline controller. In Section 3.0 some of the advanced capabilities of the model will be discussed in more detail, followed by Section 4.0 in which a flight test example is presented. Section 5.0 will summarize the C-MAPSS40k software and its capabilities.
Overview of the C-MAPSS40k Platform
The C-MAPSS40k platform is comprised of a number of elements: an open-loop engine, an "industry standard" controller, and additional support functionality such as a steady-state solver and a linearization routine. This section will provide high-level insight into the function of the open-loop engine and the baseline controller. The additional support components will be discussed in Section 3.0.
C-MAPSS40k is composed in the MATLAB/Simulink environment and links compiled C-code to Simulink blocks to allow for fast execution and rapid control system development. C-MAPSS40k was designed to be as flexible and modular as possible, thus, there are often numerous methods to achieve a desired result. For example, simulations may be executed and subsequently analyzed directly in the MATLAB workspace or through the provided GUI. The C-MAPSS40k User's Guide provides the detail necessary for users to employ the full functionality of the simulation system (Ref. 3) . The scope of this paper is limited to a description of the simulation components and discussions of the development approach.
The C-MAPSS40k Open-Loop Engine
The C-MAPSS40k engine simulation represents a generic, high-bypass, twin-spool commercial turbofan engine capable of generating 35,000 lbf of thrust at take-off conditions. Table 1 highlights some of the operational and physical specifications of the engine. The engine is comprised of six main components: fan, low pressure compressor (LPC), high pressure compressor (HPC), combustor or burner, high pressure turbine (HPT), and low pressure turbine (LPT). The HPC and HPT are connected through the core shaft or high-speed shaft; the fan, LPC, and LPT are all connected to the fan shaft or low-speed shaft. In addition to the five turbo-machinery components and the combustor, the engine has an inlet at the front, a nozzle at the rear, a bypass duct, a variable sized inter-stage bleed valve, a set of variable angle stator or guide vanes, and a number of cooling bleeds. A schematic of the engine is shown in Figure  1 along with station numbers that will be used throughout the rest of this paper. Note that for modeling purposes, the fan has been separated into two components: the fan tip and the fan hub. The flow through the fan tip passes directly into the bypass duct, while the flow through the fan hub passes into the core of the engine. As is commonly done, the fan hub has been combined with the LPC as it effectively serves as an additional compressor stage (Ref. 4). The engine has three control inputs: fuel flow rate into the combustor (W f ), the position of the variable bleed valve (VBV), and the angle of the variable stator vanes (VSV). By controlling these values appropriately, the baseline controller is capable of operating at any desired power level in the flight envelope shown in Figure 2 . The desired power level is based on the pilot's commanded power lever angle (PLA). The PLA has a range of 40° to 80°. The controller interprets the PLA into a thrust demand that, by design, correlates with the PLA in a linear fashion (Ref. 4).
The next subsections will discuss the implementation of the engine model, then the sensor and actuator models, and then off-nominal engine operation. 
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The Open-Loop Engine Model
The engine model implemented in C-MAPSS40k is a physics-based, component-level model. Each of the engine components is represented as an infinitesimally small volume with an input pressure and temperature, an output pressure and temperature, and a mass flow rate through the volume. The engine is then balanced by ensuring continuity of mass flow rate through the components, thereby capturing the gross characteristics of each engine component.
The outputs and flows of each component are governed by maps relating pressure ratio, corrected mass flow rate, and adiabatic efficiency, which are parameterized to corrected shaft speed. The process of "correcting" engine parameters is well known in the field and is extremely useful for comparing engine operation at various environmental conditions (Ref. 5 ). An example compressor map for the fan hub/LPC is shown in Figure 3 with the thick black constant corrected shaft speed lines shown in addition to the red surge line. Note that the pressure ratios are not necessarily unique for a given speed line, most notably at low corrected speeds; thus, an additional independent parameter, known as an EM-line, is added based on pressure ratio and corrected mass flow rate. The EM-lines have a positive slope as shown by the thin black lines in Figure 3 . The combination of EM-line and corrected shaft speed (the thick black lines) enables a specific point on the compressor map to be uniquely identified. It is worth noting that EM-lines, as well as the commonly used R-lines, are used for numerical purposes in simulations and are not part of the physics of axial compressors.
Each of the engine component models is programmed in C, which is then compiled into a binary MEX file using the default MATLAB compiler. The Simulink block diagram then links the MEX files together and handles the coordination of their inputs and outputs. Using compiled code in this manner produces significantly faster execution time compared to using interpreted code. For example, a 30 sec Corrected Mass Flow Rate (lbm/sec)
Pressure Ratio
Surge Line Constant Corrected Speed Lines EM-lines simulation of a large PLA transient with the default configuration takes less than 3 sec on a laptop with a 2.5 GHz processor when executed using the compiled components. Because the raw C-code is distributed with the software it can be compiled to work on any processor or machine that is capable of running MATLAB/Simulink. Further, this code can be modified and updated easily if desired.
As noted earlier, Simulink serves to interconnect the various engine components and enforce the boundary conditions necessary for their operation. A critical part of this task is to ensure that the results returned by the MEX files every time step are physically realizable. In C-MAPSS40k, the primary concern is that energy is conserved at each time step. To enforce this condition, C-MAPSS40k employs a solver that iteratively changes each component's operating point until the mass flow rate through the engine is in balance for that time step while enforcing the constraint that all pressures and temperatures are physically realizable. Under normal operation, the simulation will only proceed once all of the errors in mass flow rates are less than some specified threshold. The iterative solver will be discussed in more detail in Section 3.4.
Since the iterative solver ensures mass flow balance, the only unbalanced term remaining in the engine is the torque on the fan and core shafts. As discussed earlier each shaft connects a compressor and a turbine. The turbine's purpose is to extract energy from the flow in order to drive the associated compressor. Thus, each component model computes the amount of work done on the shaft. When there is imbalance in work, the shaft will accelerate. In this way the engine can vary the shaft speeds and thus the generated thrust. Once there is a power balance between the compressor and turbine the shaft will cease to accelerate and will attain a steady-state speed that results in steady-state behavior from the engine.
Engine Sensors and Actuators
The engine represented in C-MAPSS40k includes dynamic models of the sensors and actuators typical of those found on commercial engines. The installed sensors include fan speed, core speed, T 2 , T 25 , T 30 , T 50 , P 2 , P 25 , P s30 , and P 50 . The engine controller in C-MAPSS40k utilizes all of these sensors with the exception of P 25 , T 30 , and T 50 (these sensors are provided for diagnostic purposes). To improve the realism of C-MAPSS40k, the user has the ability to specify the variance of Gaussian noise that is added to the sensor signal. At the present time sensor failures are not modeled, but can be added if a user desires.
The engine has three control effectors: a fuel-metering valve (FMV), the VBV, and VSV. The dynamics of each of the actuators is modeled to more accurately capture the dynamics of the complete engine control system. For example, the FMV takes the desired fuel flow rate as an input that is then converted to the position of a linear actuator that will produce the desired fuel flow rate. A feedback loop drives the actuator to follow the desired position subject to rate limits and hysteresis. The fuel flow is then subject to a configurable transport delay of 40 msec to simulate the time required to deliver the fuel from the actuator to the combustor. The variable bleed valve actuator has a significantly simpler model comprised entirely of bandwidth-dominated dynamics. The variable stator vane actuator is necessarily more complex as the mechanical system has a significant amount of backlash and delay. The VSV actuator modeled in the C-MAPSS40k engine contains a proportional-integral (PI) controller that drives the vanes to the desired angle. The backlash is nominally specified as 1 percent of the full motion of the vanes.
Because of the modular architecture of C-MAPSS40k any of these components can be modified without necessitating changes to the rest of the engine. Adding more details to a component or simply replacing one altogether with a different model can be easily accomplished.
Engine Degradation and Component Fault Simulation
Every engine is subject to gradual wear during its life and occasionally subject to rapid onset faults such as the ingestion of foreign objects. C-MAPSS40k gives the user the ability to specify the level of normal engine deterioration from the nominal "just broken-in" engine to an engine that is at the end of its service life via a configurable deterioration level parameter. This parameter changes the engine health parameters to produce realistic deterioration.
The engine health parameters are a set of inputs to each of the engine components that modify the nominal behavior of the component. For each compressor the user can modify the flow capacity, efficiency, and the pressure ratio; for the two turbines the flow capacity and efficiency are available to be modified, for a total of 13 health parameters in C-MAPSS40k. The ability to introduce faults or failures into the simulation is very helpful for engine diagnostics or for evaluating control system robustness. These rapid failures are implemented by introducing an abrupt shift in the engine health parameters, which is the standard modeling approach (Ref. 6).
2.2
The C-MAPSS40k Baseline Controller C-MAPSS40k has a controller that is representative of a common industry controller in both architecture and performance to ensure that transient performance realistically represents that of commercial aircraft engines. Additionally, for users that desire to design a new engine controller, it is critical to be able to compare the response of the new or modified controller to that of a realistic baseline controller. While the development process for the C-MAPSS40k baseline controller is documented in detail in Reference 7 it will be briefly discussed here. The controller has two main components: the power management controller and the protection logic controllers. The purpose of the controller is to convert the pilot's PLA into a thrust in a linear and predictable manner and to maintain that thrust when faced with disturbances while providing safe operation. To accomplish this task the controller can command fuel flow rate, VBV position, and VSV angle. A notional diagram of the baseline controller is shown in Figure 4 for reference. For the sake of clarity, many of the inputs are not shown (e.g., inlet environmental conditions are used in nearly every block). Additionally, it is worth noting that the output, Wf_des, is the desired fuel flow rate command that is then sent to the fuel-metering valve where a separate closed-loop system tracks the value of Wf_des. 
Power Management Controller
Since engine thrust cannot be directly measured, other sensed parameters that correlate well with thrust are used for control purposes. The two most common such parameters are fan speed (N f ) and engine pressure ratio (EPR) (Ref. 4) , which is the ratio of turbine exit pressure to inlet pressure (P 50 /P 2 ). The C-MAPSS40k baseline controller has both EPR and N f controllers so that users may select whichever type they desire. The controller determines an EPR or N f setpoint based on the PLA, altitude, Mach number, and ambient temperature that, when achieved, results in the desired linear thrust profile. A PI-controller then regulates fuel flow rate to maintain the setpoint regardless of external or internal disturbances.
In addition to modulating fuel-flow rate, the controller is responsible for specifying the desired position of the VBV and VSV. In C-MAPSS40k, as in industry practice, these parameters are handled in an open-loop manner, and thus are scheduled based on sensed engine variables. The Variable Bleed Valve position is scheduled on corrected fan speed and free-stream Mach number while the desired Variable Stator Vane angle is based solely on corrected core speed.
Protection Logic Controllers
The major function of the protection logic controllers is to provide safe and smooth thrust transitions between distant set points. Safe operation implies 1) protection of physical components by preventing overstress, and 2) stall avoidance. This protection is achieved through the use of controller limits on physical variables including limits on the maximum fan speed, core speed, and burner pressure (Ref. 8) as shown in Figure 4 . Exceeding any of these limits will cause mechanical stress and potentially catastrophic damage to the engine. Operability limits are more difficult to capture and to ensure. The three main operability limits governed by the baseline controller are engine compressor surge (also known as compressor stall), combustor lean-blow out, and flight idle operation. These operability limits are intuitive except for the flight idle case, which preserves the ability of the aircraft to execute a "go around" maneuver while on approach.
High pressure compressor surge occurs on acceleration when enough compressor blades stall aerodynamically that the pressure gradient can no longer be maintained. This is typically associated with a sudden drop in inlet pressure and causes shock, vibration, and loss of thrust (Ref. 9). Since compressor stall margin cannot be measured, it is protected indirectly by limiting the rate of acceleration of the engine. In C-MAPSS40k this is implemented as a limit on the acceleration of the core shaft and is labeled as the "Accel Schedule" in Figure 4 . For any given condition, a maximum allowed core shaft acceleration is determined based on the current core shaft speed. For small power transients, this limiter will not become active, but when a large change in thrust is desired, the acceleration limit will restrict the rate at which the engine can spin-up to ensure that the HPC does not stall even if the engine is fully deteriorated.
Lean combustor blow-out can occur during decelerations when a command to cut thrust rapidly is issued. Combustion can only occur in a limited range of fuel/air ratios for a given air mass flow (Ref. 9 ). If the fuel flow rate is cut to near zero while the mass flow rate is still high, the flame will extinguish resulting in lost power and in aerodynamic and turbine blade vibration, which reduces blade life. In addition, in cases of rapid deceleration, LPC stall is a concern. To avoid both of these operational risks, the baseline controller limits the rate at which fuel can be decreased based on the current combustor pressure (P s3 ). This limit is implemented by preventing the ratio W f /P s3 from going below a specified threshold and is represented by the "RU Limiter" shown in Figure 4 . In addition to limiting the fuel flow rate, the controller may use the variable bleed valve to help avoid LPC stall in some cases. Upon detecting a specified level of deceleration, the engine controller will issue a command to open the VBV further than the nominal scheduled value. This air is then bled to the bypass duct rather than fed into the engine core, thus preserving a stable pressure ratio across the LPC.
Idle control is maintained by preventing the controller from producing an unobtainable EPR or N f value. These cases occur at low power where the mass flow rate through the engine is too low to drive engine components. As discussed in Reference 4 there are typically two idle levels: flight idle and ground idle. Ground idle will run the engine at the lowest steady-state thrust level possible while maintaining enough power to drive aircraft accessories during taxiing. Flight idle is scheduled to balance between minimizing thrust during descent and landing, and maintaining the required time to accelerate from idle to take-off power in case of an emergency go-around. The Federal Aviation Administration requires that the engines on commercial aircraft be capable of accelerating from the flight idle limit to 95% of full power in less than five seconds at sea level (Ref. 10) . Flight idle will typically produce more thrust than the ground idle schedule and a switch that detects the presence of the aircraft's weight on the landing gear governs the transition between the two states. In C-MAPSS40k, a switch handles changing between ground and flight idle.
In addition to preserving the engine limits, the engine controller is responsible for meeting the transient performance requirements specified in the Federal Aviation Requirement (FAR) Section 33.73 (Ref. 11) . These requirements set the maximum time allowed for power transients while ensuring that all safety and operability conditions are satisfied. This requirement forces the control system designer to strike a balance between an always safe but slow engine and a quickly responding engine. More details on the C-MAPSS40k baseline controller and the FAR 33.73 regulation can be found in Reference 7.
C-MAPSS40k Advanced Capabilities
C-MAPSS40k contains the functionality found in MAPSS and C-MAPSS, as well as a number of advanced capabilities that are not found in those simulations. These topics are highlighted here.
Surge Margin Models
Surge margin is a measure of distance between the compressor operating point and the surge line. While there are a number of ways to define surge margin, C-MAPSS40k has adopted the Society of Automotive Engineers formulation: 
where the pressure ratios are specified at a constant corrected mass flow rate and the computed surge margin is a percentage. This definition is shown on the HPC compressor map in Figure 5 . The marked operating point has a pressure ratio of 8.577 at a corrected mass flow rate of 75.83 lbm/sec. The corresponding surge point is the point on the red surge line with the same corrected mass flow rate, which in this case has a pressure ratio of 12.09. Therefore, using Equation (1), the surge margin at this operating condition is 40.96 percent.
As with most high-fidelity engine simulations, the LPC and HPC compressor surge margins are readily calculable based on the current operating point and the distance to the component's surge line as discussed above. However, the actual surge margin remaining in a compressor is usually less than that specified by the compressor map as can be seen in the HPC surge margin plot of Figure 6 . There are a number of factors that contribute to a change (usually a reduction) in surge margin, including: compressor blade heat transfer effects, variations in compressor tip clearance, debits due to normal engine deterioration, and debits due to engine-to-engine variation. Unlike other non-proprietary engine models, C-MAPSS40k includes models that represent each of these surge margin effects except for engine-toengine variation. These surge margin debits are not based on the compressor map and operating point, rather they are based on the properties of the engine components. For example, the deterioration debit is constant based on engine deterioration while the heat transfer debit is based on the state of the HPC and is heavily influenced by the slow time decaying heat transfer between the compressor blades and casing. The individual debits for an acceleration transient are shown in the bottom plot of Figure 6 . A further interesting point is that the tip clearance debit is negative prior to the transient at 14 sec, which highlights the statement that the surge margin remaining is not necessarily less than the surge margin as determined from the compressor map. 
Nominal Surge Margin
Modeling the remaining surge margin with the debits included allows a control system designer to design a more aggressive controller while ensuring stability during acceleration. When designing a controller it is necessary to maintain a surge margin reserve to account for each of the surge margin debits (Ref. 12 ). This reserve is significant and in Reference 10 it is estimated to be approximately 24.4 percent, which means that the compressor surge margin as calculated in Equation (1) for a median, new engine can never drop below this level in steady state flight. Since many of the debits are explicitly modeled in C-MAPSS40k, the amount of uncertainty in the reserve decreases (to approximately 8 percent). With this smaller reserve, we can state that the closed-loop engine will not enter the surge regime if the worst-case transient surge margin remaining is greater than the reserve.
Steady-State Solver
C-MAPSS40k employs a steady-state engine solver to trim the engine to the desired operating point at the start of every simulation. The steady-state solver is flow-balanced in the same manner as the engine model; however, the shaft torques are also balanced. Thus, the point returned by the steady-state solver is very close to the actual trim point of the engine at that operating condition. It should be noted that the steady-state solver trims the open-loop engine model, and the point determined may not be feasible. Thus, when running in closed loop from the trimmed point, users should allow a few seconds for any minor start-up transients to subside prior to beginning any simulation study.
Linearization Routine
Like MAPSS and C-MAPSS before it, C-MAPSS40k contains a routine to determine a linear representation of the open-loop engine at a user-specified operating point. The linear system generated is of the form described in Equation (2):
The state vector x is comprised of the two state variables of the linear system: fan speed and core speed. In C-MAPSS40k, the user has the ability to specify the linearized system's control input vector u. The user can choose to use fuel flow rate as the only explicit control input, leaving the implicit VBV and VSV to operate on their pre-defined schedule; alternately all three of the variables can be used as explicit control inputs. The elements of the h vector are the health parameters as discussed earlier in Section 2.1.3. The output vector y contains most of the sensed engine values as well as the net thrust and stall margin remaining for both compressors. The linearization routine returns values for the six matrices (A, B, L, C, D, and M), which can then be used to generate a piece-wise linear model as well as to design linear point controllers.
Iterative Solver
The engine mass flow solver in C-MAPSS40k is an advanced version of the solver found in C-MAPSS. The new flow solver has an iterative form that ensures that all five flow errors (shown in Table 2 ) are below a user-configurable threshold. In order to prevent an endless loop if the flow errors do not converge, an upper limit is placed on the number of iterations allowed. This technique enables the user to adjust the level of acceptable flow errors for the specific situation. During large transient tests, it may be acceptable to sacrifice accuracy for execution speed. However, in cases where very small transient behaviors are being studied a high level of accuracy is required, and the solver can be easily tuned to achieve the requisite performance. Figure 7 shows two cases of simulated engine thrust for the same throttle input; one used the iterative solver and allowed up to 200 iterations per time step to converge, resulting in small error, the other case used a single iteration per time step, resulting in significantly larger error. Note that the peak number of iterations occurs during rapid changes in simulated variables, PLA in this case; however, at no point does the number of required iterations to meet the error tolerance exceed 100 iterations. 
Graphical User Interface
C-MAPSS40k includes a GUI, shown in Figure 8 , that allows users who are not familiar with MATLAB to easily run, save, and analyze simulation test cases. On the left-hand side of the GUI one can specify a custom flight profile, controller configuration, and adjust the parameters of the iterative solver. The right-hand side provides the user the ability to specify normal engine degradation as well as the engine health parameters. After running a simulation, all of the input and output data can be saved to a MATLAB data file or a comma separated file for further analysis and processing. Additionally, the user can use the "Plot" button to run a user configurable MATLAB script on the output data. Through this function, users can plot the data or run analyses as desired. More experienced MATLAB users or those who want to customize the simulation's features can bypass the GUI and run C-MAPSS40k directly from the command line. 
Real-Time Capability
C-MAPSS40k has been designed with the capability to run faster than real-time by utilizing C-code compiled into MEX files and efficient Simulink coding practices. The number of iterations required to balance the engine flows primarily governs the execution duration of a simulation; thus, decreasing the flow error tolerance will increase the simulation execution time. The maximum number of iterations per time step is governed by a configurable parameter. In typical tests, the simulation never requires more than the default 200 iterations to converge for a single time step. Figure 9 shows the worst-case processing time on a modern laptop PC. 1 Figure 9 If real-time operation is required, the user can modify the maximum number of iterations to ensure that no time-step will take longer than real-time to calculate (per the results shown in for the computer specified above, this limit is 56 iterations). Note that the accuracy of the simulation this will decrease if the iterative solver cannot reduce the flow errors to within the specified tolerance in the given number of iterations. Another option is to use the MATLAB Real-Time Workshop to produce a compiled executable from the Simulink model (Ref. 13 ). The techniques necessary to achieve this are beyond the scope of this paper.
C-MAPSS40k Flight Examples
The following set of plots are taken from a two-second (starting at t = 14 sec) idle to full power transient of C-MAPSS40k to demonstrate the open-loop engine and the baseline controller. The situation being modeled is an emergency go-around on approach to landing with the environmental conditions set to an altitude of 2,000 ft at a free stream Mach number of 0.25 on a standard day and the engine is 50 percent deteriorated. Figure 10 shows the net thrust generated by the engine as well as the fan and core shaft speeds. Here we observe the expected smooth thrust profile with no overshoot transitioning from low to high power settings. Other features of note in the plot are the long time delay in the engine response and the fact that the emergency maneuver was completed within the time allowed by the FAR 33 regulation. Figure 11 contains plots of the LPC and HPC operating points on the compressor map during the transient as well as the associated surge margins, including the HPC surge margin with the surge margin debits accounted for. Here it is important to note that neither surge margin fell below zero, thus compressor surge did not occur on the transient. Moreover, since the surge margin remaining (which includes the surge margin debits) is greater than the previously discussed reserve limit of 8 percent, this maneuver will not cause the HPC to surge regardless of factors such as engine-to-engine variation and inlet distortion. The operating lines moved as expected during the transient: the LPC moved away from the surge line and the HPC moved towards it. One final point is that since the engine has used half of its normal life, the stall margin debit due to deterioration can be observed prior to the transient. The larger offset after and during the transient are due to tip clearance and heat transfer debit effects. 
Summary
C-MAPSS40k is a detailed, non-proprietary, component-level model of a commercial turbofan engine in the 40,000 lb thrust class. In addition to the high-fidelity engine simulation, a realistic engine controller that is representative of the current industry approach is included. This controller delivers realistic closedloop performance as well as provides a baseline against which to compare controller developments. The closed-loop system meets all relevant government and airframe manufacturer's requirements. Also contained in the simulation are highly detailed steady-state and transient stall margin models not found in other publicly available simulations. The engine model can be degraded due to normal wear and component faults can be simulated by using the engine health parameters. Due to the manner in which the simulation was developed, C-MAPSS40k is capable of being run in real-time. Finally, due to the modular design, engine or controller components can be easily modified or completely redesigned without requiring changes to the rest of the simulation.
